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ABSTRACT 
Slow neutrons are used by researchers in a variety of fields to study the structure 
of condensed matter . :\f eutron sources produce fast neutrons, which must be slowed 
down by moderators to energies of interest for slow-neutron spectroscopy. Time-of-
fl.ight spect roscopy techniques a re used at pulsed neutron sources to sort neutrons 
according to wavelength. Assessment of the resolution of pulsed-source time-of-
fl.ight instruments and the analysis of data require knowledge of the emission-time 
distributions (pulse shapes) of neutrons emerging from the pulsed-source modera-
tors . l\Ieasurements provide data of the pulsed-source moderator pulse shapes at 
discrete wavelengths. :.Iathematical functions a re needed to provide good fits to the 
data and to accurately describe the pulse shapes for the entire range of wavelengths 
the moderator is used. 
>. Ieasurements have been made of the pulse shapes as func tions of energy 
for neutrons emerging from two liquid-methane and one solid-methane modera-
tors at the Argonne . ational Laboratory Intense Pulsed :\f eutron Sou rce . ...\ time-
focused germanium-crystal spectrometer arrangement was used in the measure-
ments to decouple time resolution o f a neu tron pulse from spatial and angular 
resolution . l\I easurements of the li quid-meth ane F moderato r covered the energy 
range 2.5 < E < 650 meV. :.I easurements of the liquid-methane H moderator and 
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the solid-methane C moderator covered the energy range 2.5 < E 1000 meV. 
Curve fitting techniques using the method of least squares were used to fit 
funct ions to the liquid-methane moderator data. The first function used in the 
curve fitting process was the Ikeda-Carpenter (IC) funct ion. This function contains 
a "slowing-down .. term, representing neutrons emerging from a moderato r in the 
process of slowing down before thermalization, and a "storage)) term, representing 
neutrons emerging from a moderator after thermalization. T he IC function con-
tains fou r ,,.aYelength-dependent parameters. The analysis of pulse shapes wi th 
this fun ct ion, while maintaining all four parameters as free parameters for each 
energy. revealed substa ntial systematic deviations between t he data and the best 
fitted function. 
A form of the IC function wit h a generalization of t he slowing-down term 
was then used to analyze t he data. T he generalized IC fun ction contains five 
wavelength-dependent paramete rs . The analysis of pulse shapes with the gener -
alized IC function , while maintaining all five parameters as free parameters for 
each energy, produced excellent fits. The observed ·wavelength-dependence of t he 
parameters . h owever, was no t as expected. 
Postulated expressions for the wavelength-dependence of the parameters \\·ere 
used as constraints and pulse shapes were fit again with the generalized IC function. 
This procedure prod uced poorer fits. Const raints we re imposed to elimi nate two 
parameters from the fitting process. The fitting of pulse shapes was continued 
with only three free parameters fo r each energy. This res ul ted in good fits but the 
wavelength-dependence of the three free parameters was still not well behaved. 
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1 IN TRODUCTION 
After the discovery of the neutron by Chadwick in 1932, researchers were quick 
to realize this neutral constituent of atomic nuclei could have widespread application 
in scientific and engineering research. This realization has manifested itself in the 
rapid development of neutron sources over the years from the rad ioact i\'e decay 
reactions. such as the (a:.n) reaction in bery lli um. to large scale fission reactors and 
accelerator-based sources of today. These sources a re used by researchers in a wide 
range of di sciplines including biology. chemistry. solid-state physics . and material 
science. The members of this diverse group of neutron users exploit the physical 
characteristics of neutrons and slow neutron spectroscopy techniques as excellent 
probes of the st ructure of matter ): . The Intense Pulsed )ieutron Source (IP:\S) at 
Argonne ::'<J' ational Laboratory is the world's first major pulsed spallation neutron 
facility dedicated to this work . 
The IP:"JS utilizes moderators to provide researchers \\"ith t he low energy neu-
trons required in their exp eriments. ::'<J' eutron energies are determined by time-of-
flight measurements. Knowledge of the emission-time distributions (pulse shapes) of 
neutrons emerging from the moderators as a function o f neutron energy is essential 
information in the analysis of experimental data. This thesis desc ribes measure-
ments of t hese pulse shapes and attempts to fit these data with mathematical func-
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tions. The remainder o f t hi s chapter provides introductory information on neutron 
sources, uses of neutrons, and the IP KS. 
1.1 Ne utron So u rces 
The neutron sources of primary use in condensed matter research may be cat-
egorized into two groups : (a ) steady-state sources and (b) pulsed sources. Fission 
reactors compri se t he first group with the high Aux reactor at the Institut Laue 
Langevin, Grenoble, France being a prime example. The second group includes 
accelerator-based sources and pulsed reactors. Accelerator- based sources utilize an 
accelerator to bombard certain target materials wit h charged particles to produce 
neutrons. A variety of neutron producing reactions a re possible depending upon the 
type of acce lerato r and target material used. The IP~S is an example of a source 
of this type, utilizing high-energy protons to bombard a target of uranium. IP.\iS 
will be more thoroughly described in sect ion 1.3. 
There has been considerable discussion on the comparison of advantages and 
disadvantages in the use of steady state or pulsed neutron sources ) : , [2]. Steady-
state reactor sources were t he first to be developed and there is a correspondingly 
greater amount of exp erience in their use. They have limitations however. in that 
they produce more heat, which must be removed , per neutron produced , and neu-
tron beams from a reactor are limited to a narrow energy band corresponding to the 
op erating temperature of the reactor moderator. :\ large fraction of neutrons pro-
duced in a reacto r source is wasted in neutron scattering experiments because of the 
monochromators or chopp ers that are used select neutrons of di sc rete wavelengths 
and discard others. In pulsed sources, time-of-flight spectroscopy corn'eniently sorts 
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a beam of neutrons according to wavelength. 
Neutrons produced at either type of source may be categorized into three gen-
eral groups: fast neutrons which are those neutrons recently produced in the fuel of 
a reactor or target of a pulsed source and which may have energies of several ::\IeV; 
thermal neutrons which are those that ha\'e come into thermal equilibrium "·ith the 
mod erator of a neutron source, and have an average energy which is about equal to 
the mean energy of the surrounding material; finally, epithermal neutrons are those 
whose energy is above thermal (approximately greater than 0.1 eY) but not as high 
as fast neutrons. Regardless of which type of neutron source is under discussion, 
neutrons are produced with energies greater than 1 ::\ le\' [l ]. [3:. In order to be 
of use for condensed matter research using spectroscopy techniques, the neutrons 
must be slowed down to energies less than about 10 eV ·1]. The neutron slowing 
down process is called moderation or thermalization and will be discussed in a later 
section. In pulsed neutron sources, the neutron moderation process imposes im-
portant const raints which must be quantified in order to obtain useful results from 
an experiment. Another benefit of pulsed sources is that the moderated neutron 
spectrum is especially rich in epithermal neutrons [l ]. This avoids the limitation 
inherent in research reactors of having a narrow band of neutron energies a\·ailable 
due to the temperature of the reactor thermal spectrum. Pulsed source moderators 
extend the range of neutron scattering experiments considerably '2]. 
Pulsed sources of neutrons utilize moderators placed close to the neutron pro-
ducing target. Fast neutrons enter a moderator in a narrow time pulse governed 
by the time the beam is on the target. The thermalization process results in slow 
neutrons emerging from the moderator over a much broader time interval than the 
fast-neutron pulse in view of the time required between energy-reducing collisions. 
The emission-time distribution or pulse shape of neutrons emerging from the mod-
erator is a function of the physical properties of the moderator and the neutron 
energy. 
1.2 Slow Neutrons as a Tool 111 Scie ntific R esearch 
~eutrons are the neutral constituents of atomic nuclei. They haYe nearly the 
same mass as the proton but have no electric charge . Since they are uncharged 
particles, neutrons are able to penetrate into the volume of a sample without ex-
periencing forces due to the electric field associated with protons or electrons. In 
addition to absorption reactions. neutrons interact weakly vvith materials in two 
ways. First, t hey may undergo nuclear scattering which is the result of the short-
range interaction associated with the nuclear interaction. Second, neutrons carry a 
magnetic moment and may be scattered by magnetic interaction with materials. 
eutrons ha,·e associated de Broglie wavelengths and may exhibit wave be-
havior as well. Energy and wavelength units are equivalent in describing neutrons. 
Research workers in different areas use different energy-related variables as a matter 
of convenience. For instance, diffractionists talk in terms of wavelength, spectro-
scopists and engineers in terms of energy, theorists in terms of lethargy, etc. [-1]. 
Energy and wavelength \'ariables will be used in this thesis according to context 
and convenience. The de Broglie wavelengths of slow neutrons are of the order of 
the interatomic spacings in condensed matter and so are well suited for study of 
their structure and dynamical behavior [5]. 
T\YO areas of slow neutron research dominate the use of the Intense Pulsed . eu-
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tron Source. They a re neutron diffraction and inelastic neutron scattering. \Vind-
sor [2] discusses these areas of research and experimen tal techn iques . In neutron 
diffraction measurements at IP~S, neutrons are allowed to scatter from a sample 
into a detector. The neutrons are sorted according to wavelength by measuring 
the t ime it takes them to travel from the source to the detector. This is called 
time-of-flight spectroscopy. The measured quantity of interest in a neutron diffrac-
tion measurement is the intensity of detected neutrons as a function of a quantity 
d = A. 1 (2sinB ). In the s tudy of crystalline solids, d is the spacing of planes in the 
crystal lattice. The quantity A. is t he neutron wavelength and B is one-half t he 
neutron scattering angle. Time-of-flight sorting allows A. to be varied while B is 
constant so t hat intensity as a function of d may be determined. ~Ieasurements 
of thi s type allow researchers to determine the a tomic a rrangements of atoms in 
condensed matter. 
In inelast ic scattering measurements at IP ' S. neutrons pass t hrough a wave-
length selecti ng device called a chopper to produce a beam of neutrons of one energy. 
These are allowed to scatter from a sample into a detector. The measured quan-
tity of interest in an inelastic scattering measurement is the intensity of detected 
neutrons as a function of energy and scat tering angle. These measurements allow 
researchers to determine the frequencies of atomic motions in a sample, which are 
directly related to the binding forces between atoms . 
.\T eutron scattering measurements provide excellent tools for the study of mat-
ter. To be successful these instruments require a reliable, high-intensity source of 
neutrons; the Intense Pulsed Neutron Source helps to fulfill this need. 
6 
1.3 The Inten se Pulsed N e u t ro n So urce 
The first section of th is thesis defined the two general categories of neutron 
sources : steady state sources and pulsed sources. In the pulsed-source category. 
several neutron production mechanisms are available including pulsed research re-
actors. electron bremsstrahlung photoneutron sources, spallation neutron sources, 
and laser- imploded pellet fusion sources. T he Intense Pulsed Neutron Source is a 
spallation source. This section describes the spallation neutron production process 
and p resents a basic operational description of IP1'S. 
1.3.1 Spalla tion ne utron product io n at the IPNS 
Spallation is a complicated multicollision process that occurs when high-energy 
charged particles bombard a target of some high-mass-number material r1.. At 
IPNS, protons accelerated to an energy of 450 ). [e \i are used to bombard a target 
of uranium. At the time of data collection for the measurements reported in this 
thesis, a depleted uranium target was in use. In October 1988 a "booster" target of 
77 .5 3 enriched 235 C was installed to increase the neutron yield by taking advantage 
of fiss ion reactions. 
\i\·hen the energetic protons 1mpmge upon the target they first interact with 
the most loosely bound target nucleons resulting in a cascade of neutrons and pro-
tons which then may collide with other target nuclei and thus produce additional 
neutrons. ~eutrons produced in this manner have energies up to that of the inci-
dent protons and have a direction of emission strongly peaked in the direction of 
the proton beam. As a result of the cascade, target nuclei are left in an excited 
state and return to ground state through the evaporation of additional neutrons. 
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Evaporation neutrons are produced isotropically and ha\•e lower energies of perhaps 
a few ~le\". Fission reactions are important in targets containing fissionable or fissile 
material as neutrons result from these reactions as \\·ell. 
The neutron spectrum of a spallation target is dominated by the lower energy 
fission and evaporation neutrons with only a few percent of the spectrum composed 
of the high energy cascade neutrons. It is these cascade neutrons that dominate 
shielding requirements. however. and thicker shields than are used in reactors are 
required i:. 
The amount of heat deposited in a spallation target depends on many factor 
The incident particle energy determines the energy spectrum of s pallation prod-
ucts. The target size and geometry influence how much energy leaves the target as 
particles escape the target and deposit their kinet ic energy elsew here. Finally, heat 
production depends on the quantity of fiss ionable material in the target. because 
each fission event deposits about l 0 ~ le\· locally in the target. [tis very important 
that pro\·isions be made for an adequate cooling system to remove the heat from a 
spallat ion target. The IPNS depleted uranium target produced a thermal power of 
about 10 kW. The IP ·s booster target has an estimated thermal power of abou t 
3 k \.\" W. A significant factor to be considered in target and cooling system design 
the heat production due to fission events . 
The product ion of delayed neutrons must be accounted for in targets containing 
fissionable material. It is known when a material fissions. a certain fraction of the 
neutrons produced do not appear at the instant of fission. Instead, they appear after 
some time delay due to t he fission products undergoing beta decay and subsequent 
neutron emission. The fraction of neutrons produced in this way is called the 
delayed neutron fraction and represent approximately 0.02 neutrons / fission and 
0.05 neutrons/ fission for 235 U and 238 U, respectively [3]. These delayed neutrons 
are responsible for a time-independent background source. Although t hese neutrons 
constitute a small fraction of the total number of neutrons produced, they may 
cause unacceptable background levels in some experiments. Carpenter "7' has 
measured the effective delayed neutron fraction of the IP. ·s depleted uranium target 
to be 0.0053. The delayed neutron frac t ion of the enriched uranium booster target 
is estimated to be 0.03 :6J (larger than the fraction for each fission because of 
subcritical mul tiplication effects) . 
With the abo\·e discussion on some of the extra things that must be accounted 
for with an en r iched uranium target. the reader may wonder \\·hy such a target is 
desirable. The answer is that 235 C has a much higher fission cross section than 
238u and unlike 238C' \\"hich has a fission threshold at about 1 .\le\", 235C may 
be caused to fiss ion by neutrons of any energy. This increases the neutron yield of 
the target considerably and, in the case of the IP.l\'"S booster target , has raised the 
neutron yield by a factor of about 2.5 ;s]. 
1.3.2 Ope ra tio na l a rra nge m e n t of t h e IPNS 
The following is a description of the IP~S facility. The arrangement of the ac-
celerator system is shown in F igure 1.1. The process of neutron production begins 
with the insertion of H - ions from an ion source into a Cockcroft- \\"al ton preac-
celerator where they are accelerated to 750 ke V. The ions are then inserted in to a 
35-m :\1 varez linac and accelerated to 50 .\IeV. 
The pulse ions are magnetically steered to the 14-m diameter rapid cycling 
·~ 10 us 
f··· 
d 
·. ·' .... r 
~ ' .. . .. 
' {(ft I •PJ;f ' · ({1 _r 
Figure 1.1: 
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Arrangement o f the IP\' accelerator s>·stem 
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synchrotron ( RC ) . At injection, the H- ions pass through a thin carbon foil which 
strips two electrons from each ion lea\·ing an H- ion. o r proton. The proton are 
accelerated to -150 :'de\" and released in 0 ns pulses at 30 Hz to be deli \·ered to the 
neutron producing target. One measure of the performance of the IPNS accelerator 
system is the "proton beam current"' on target. During normal operation. the 
accelerator system pro\·ides ::::: 13 11..\. of proton current to the target. 
The depleted uranium target consisted of eight 25-mm thick disks clad with 
a 0.5-mm layer of Zircaloy-2. The disks were contained in a stainless steel target 
housing with provision made for light water cooling channels bel\veen the disks. 
(The enriched uranium booster target currently in u e ha thinner disks at the front 
of the target to provide additional su rface area for its greater cooling requirements. ) 
D uring the time when measurements used for this thesis were obtained, the 
fast neutrons produced in the depleted uranium target were slowed down by two 
liquid me thane moderators at a temperature of about 100 K and one grooved solid 
methane moderator at about 15 K. (After the boo ter target was installed. the 
solid methane moderator was changed to liquid hydrogen. ) The moderators and 
target assembly are embedded in an inner graphite reflector, and surrounded by an 
outer beryllium reflector. The reflectors ret urn neutrons that ha\•e leaked out of 
the moderators before thermalization and also may scatter neutrons back into the 
target for the possibility of causing another neutron producing reaction. Decoupling 
material surrounding the moderators prevents long-li ved slow neutrons from the 
reflector from retu rn ing to the moderators. The target -moderator-reflector assembly 
is surrounded by tee! and concrete biological shields. 
T\\·elve beam paths are ori ented horizontally and face a selected view of a 
Diffractometers 
SEPD 
GP P D 
SCD 
SAD , SAD II 
GLAD 
Spectrometers 
LRMECS 
HR\IECS 
eVS 
QE~S 
P HOEl\IX 
Reflectometers 
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Table l.l: IP:'-JS inst ruments 
Special Environment Powder Diffractometer 
General Purpose Powder Diffractometer 
Single Crystal Diffractometer 
Small Angle Scattering Diffractometers 
Glass, Liquid. and Amorphous ). Iaterial Diffract. 
Low-Resolution ). Iedium-Energy Chopper Spect. 
High- Resolution >..Iedium-Energy Chopper Spect. 
Electron-volt Spectromet er 
Quasielastic \"eutron Spec trometer 
High Resolution Chopper Spectrometer 
POSY, POSY II Polarized and Unpolarized Neutron Reflec t . 
F5 
F2 
F6 
Cl,C3 
Hl 
F-l 
H3 
F3 
H2 
F l 
C2 (bot h) 
moderator. Figure 1.2 shows the IP~S experimental hall. Each beam path has a 
letter and number corresponding to it and an acronym for the neutron scattering 
instrument located within it. The beam path letter designation indicates which 
moderator a particular beam path is viewing. Moderators ' F ' and 'H' were liquid 
methane and moderator ·C' was solid methane. Table l. l ident ifies and categorizes 
the instruments . Diffractometers are used in neutron diffract ion experiments . spec-
trometers are used in inelastic scattering experiments, and refiectometers are used 
in determining the magnitization of materials. 
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2 BACKGROUND 
This chapter presents background information on neutron moderation in pulsed 
sources an explanation of why mathematical functions which describe t he shape 
of neutron pulses from the moderators are necessary, and a brief his tory of t hei r 
development. Since all ne"'" research builds on past work. knowledge of the theory 
of neutron moderation and the history of pulse shape fitti ng functions benefits 
moderator pulse shape analysis. Indeed, the final pulse shape fitt ing function used 
in thi s thesis. a generalization of the Ikeda-Carpenter Function. has eYolved t hrough 
the rev iew of it s predecessors a nd neutron slowing-down theo ry. 
2 .1 Neut ro n Mo d erat io n 
In this section, a brief description of neutron moderat ion , with specific appli-
cation to pulsed source moderators , \\·ill be presented . . eutron moderation and 
t he thermalizat ion of neutrons is a n extensive subject and many works are devoted 
to it . A t horough exposition of th e theory of thermalization with emphasis on 
mathem atical models is provided by \.'Villiams [9]. Parks et al. ·5: have produced a 
similar presentation of theory but they ex te nd it to include di scuss ion on applica-
tions of moderators and results of experimental work on moderators . Ferziger and 
Zweifel 101 have devoted a text to neutron moderation in reactors. In addition, 
1-1 
texts in reacto r theory 11: . 3. dernte chapters to discussion of neutron moder-
ation. Although nuclear reactors are quite different entities than pulsed neutron 
sources , the same processes of neutron slowing down occur in the moderators of 
both. Through t heir education in reactor theory, nuclear engineers are p repared to 
aid in the design and analysis of moderators at a pulsed neutron source. 
:\"eutrons produced in the spallation and fission reactions in a pulsed neutron 
source are \'e ry energetic (as far as neutron scattering experimentalists are con-
cerned ) . having an average energ~· greater than 1 }. le \ '. In the moderators, these 
neutrons lose their energy by undergoing a series of elastic and inelastic coll isions 
with the moderator nuclei. It is convenient in the di scussion of neutron moderation 
to diYide the ene rgy pectrum of neutrons into two regions \\'here separate methods 
of describing the neutron population are used. 
The first region to be considered encompasses those neutron scattering e\'ents 
1n \\'hich the energy of the incident neutron is greater than some cutoff energy Ec0 , 
defined by the temperature of the moderator . ...\bo,·e this energy the moderator 
nuclei may be assumed to act as free particles, unrestrained by any binding effects 
on a molecular scale. In addition, if the neutron energy is greater than Ec0 , the 
moderator nuclei may be assumed to be stationary before the collision . The density 
of neutron in this energy region follo\\'s a 1 E dependence. This region is called 
the moderating. slowing-down, or epithermal region. Hence. t he process of neutrons 
slowing clown in this region is called moderation. 
The second region to be conside red in neutron s lowing-dmvn t heory is that 
region characterized by neutron energies less than Eco • or simply the thermal re-
gion. \Ioderator nuclei can no longer be assumed to behave as free particles; thei r 
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chemical binding effects must be considered. These binding effects of moderator 
nuclei complicate the process of neutron scattering b~· allowing different types of 
scattering events to take place. Examples are excitat ions o f vibrational, rotational, 
or trans lational modes of moderator molecules, or, if the moderator is crystalline, 
B ragg scattering in the crystal lattice. 
Another impor tant attribute of this lower region is that because of the thermal 
energy the moderator nuclei possess, they are in constant motion and may actually 
impart energy to a neutron. increasing the neutron energy. This "upscattering'' 
phenomenon is a na logous to what occurs to molecules in a gas at thermal equilib-
rium. The neutrons have reached an approximate state of thermal equilibrium with 
the nuclei of the moderator . and like a gas . acquire a :- Iaxwell-Boltzmann dis tri-
bution of energy. The most probable energy of the neutrons is given by E = k T 
where k is Boltzmann·s constant and T is the effective temperature of the mod-
erator. f eutrons which haYe lost enough energy through scattering e\•ents to be 
in a st ate of thermal equilibrium with the moderator nuclei are said to have been 
"thermalized" and this region of the neutron spectrum is called the thermal region 
of the spectrum. 
In t he vicini ty of the cutoff energy Eco, the neutron spectrum has some up-
scattering which helps define the spectrum shape as somewhat Maxwellian, yet, 
upscat te ring is not as important here as at lower energies. Likewise. the neutron 
spectrum has some similarity to the slowing-down spectrum of higher energy, but 
the effects in neutron scattering due to thermal motions and chemical binding are 
di storting the spectrum somewhat. This is called the transition or joining region 
and represents the subt le change of a slowing-down neutron distribut ion into a ther-
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mal one . The joining region can be thought of as the .. cutoff .. of the epit hermal 
spectrum. occurring at energy Ero · In practice E<.0 ::::: 51.·T 11 . 
The neutron flux in a moderator may be expressed mathematically using the 
above concepts of neutron behavior in different energy regions . The neutron flux 
per unit energy at energy E in a moderator is given by 
(2.1 ) 
where O ma x and Oep• are constants and o is t he .. leakage exponent"' accounting for 
neutron leakage from finite moderators. The first term is the :\Iaxwellian component 
of the spectrum, dominant at low energies, and the second term is the slowing-do\\·n 
component of the spectrum. and is dominant at higher energies. The dominance of 
one term over another is determined b~· the joining function ~ ( £ ). Taylor. as cited 
in [12:, has suggested as a functi onal form of the joining function 
(2 .2 ) 
where A. and B are empi ri cal constants. The joining function maps energy to a 
dimensionless number between zero and one, tending to zero in the thermal region 
and one in the epithermal region. Figure 2.1 '131, 21 shows . on a wavelength scale 
(A x 1 v £ ). the measured neutron spectrum of a room temperature polyethylene 
moderator. The solid cun·es indicate t he fitted components of the spectrum using 
Equation (2.1 ). 
The information on neutro n moderation presented in this section forms the 
foundation for all other problems associated with the slowing down of neutrons. 
The next section will present the problem of describing the moderation of a pulse 
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Figure 2.1: T he neu t ron spectrum of a polyethylene slab moderator a l room te m-
pera tu re 
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of neutrons and give a brief history on the development of fitting functions used to 
describe the shapes of pulses emerging from a pulsed source moderator . 
2.2 Pulse Shape Fitting Funct ions 
Fast neutrons are produced at IP_·s in short(::::: 100 ns) pulses at a frequency 
of 30 Hz. These fast neutrons enter the moderators and their energy i reduced 
through elastic a nd inelastic collisions \vi th the moderator nuclei . The slowing 
do"·n time. 1$ ·11 . required for a neutron to become thermalized depends upon 
the moderator temperature and composition. A high flux of slow neutrons from 
the surface of the moderator. following the source pulse of fast neutrons. is desired 
in slo\\" neutron research in a pulse as short as possible. It is noted that due to 
the kinemat ics of neutron scattering. neutrons can lose more o f their energ~· in 
collisions with protons than with any other scattering material. For this reason 
dense hydrogenous materials such as liquid hydrogen, liquid o r solid methane . \Valer, 
or polyethylene are often used as moderators. Cooling a moderator to cryogenic 
temperatu res has added benefits in neutron moderation for slow neutron work. The 
.\I axwellian portion of the neutron spectrum is pushed to lower energies and t he 
epithermal spect rum is extended to lower energies as well, producing a desirable 
increase in the number of long-wavelength neutrons and narrowing the pulse at 
intermediate energies. In addition. cooling a moderator increases its density and 
decreases the neutron path length bet\\"een scattering events . This shortens the 
neutron slowing down time and the neutron pulse \\·idth 1-l]. 
In examining the beha\·ior o f a pulse of fast neutrons injected into a moderator. 
we again will di\·ide the spectrum into separate components at the point where t he 
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thermal and chemical binding effects of the moderator are not important (E :::: 51.:T) . 
In the high energy range . the neutron spectrum has the form of the Grueling-
Goertzel approximation of neutrons slowing down in an infinite medium of free 
protons. The instantaneous neutron beam current per unit energy may be expressed 
as a functi o n o f neutron velocity and time after the initial pulse as -l ] 
I ( . ) - ~ L: • t· ( ~) 2 ... ( 
t . t - 2f( 2 1
) r e.rp (2.3) 
where :E, is the macroscopic scattering cross section of the moderator . and t• 1s 
the neutron velocity. For materi als with large mass number .4. , ~ 2 .4 and 
r ::::: 4 3.-1. In monoatomic materials. ~ is the mean logarithmic energy change 
per collis io n and 2~r is the mean-squared logarithmic energy change pe r collision . 
For dense hydrogenous moderato rs , ~ - 1. r - 1, and the time distribution of the 
ne utron slowi ng down distribution reduces to 
I(l'.i ) :E,t·( )? ( ) -- :E,rt -exp -"E.,rt . 
2 
(2.4) 
Literally. Equation (2.3) is the time distribution of a pulse of neutrons slo,,·ing down 
in an infinite medium of protons ( the .. proton gas., model ) . In finite moderators, 
pulses are slightly narrower due to neutron leakage e ffects and neutron absorption. 
\\.hen the neutron energy is on the order of the thermal energy of the moderator 
nuclei, there does not exist a simple description of the time- and energy-dependent 
neutron distribution. In nuclear reactor engineering, pulsed-neut ron experiments 
are used in subcritical assemblies fo r determining the cri tical dimensions o f the 
assembly, the thermal diffusion a rea. and the thermal diffusion time o f the moder-
a tor 11 . 3 . In the e experiments . the thermal neutron flux is measured at some 
point in the assem bly. At long times aft er the pulse, the neutron flux decreases 
20 
exponentially with a decay constant .J . The decay constant is directly related to 
the geometric buckling. B;, of the assembly, and if a series of measurements of 3 
are made as a function of B 2 , the crit ical reactor dimensions may be determined. g • 
This is a rather simplified application of the theory of the thermalization of 
a pulse of neutrons. The actual t hermalizat ion process of the pulse is a complex 
eigenvalue problem which is described in detail by Williams [9: . Carpenter and 
Yelon [{ conclude their summary of William's di scussion of this problem with some 
observations: 
(1) At long times. for low energies . and in moderators that are not too 
small, we can expect exponential decay of a pulse, whose decay is faster 
the smaller t he moderator. 
(2) There are several exponentially decaying terms corresponding to 
spatial modes of different bucklings. 
(3) In moderators that are not too small, the energy distribution ap-
proaches a :f\ l axvYellian at long times. 
( 4) We can expect exponentially decaying transients within a giYen spa-
tial mode, which represent relaxation to the asymptot ic energy distri-
bution. 
The thermalization problem is obviously quite complex and an analytical so-
lution for the neutron emission-time distribution of a pulsed moderator would be 
extremely difficult to obtai n. r.. Ieasurements of these distributions haYe been made 
in order to provide data for fitting mathematical functions which would describe 
the distribution. Over the years t here has been a trend away from functions that 
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were completely empirical and toward the de,·elopment of functions that make an 
attempt to include some of the physics of the thermalization problem. 
Figure 2.2 ['! ] shows schematically three functions that have been developed 
to describe the shapes of neutron pulses from moderators as a function of energy. 
Although t he basic principles of neutron slowing-down theory are too complicated 
for direct use in the data analysis of neutron scattering experiments, the theory can 
provide insight in the development of fitt ing functions . 
The function represented in Figure 2.2 (a) has been especially useful in the 
analysis of experimental data from powder diffractometers. The function was de-
veloped by Jorgensen. as cited in 15 ~ . It is the sum of a rising exponential and 
a falling exponential, joined continuously at the zero o f the time scale and has 
four wavelength-dependent parameters. This function combines effects of powder 
diffractometer geomet ry as well as the moderator pulse shape. Kropff. Granada. 
and Mayer [16] describe this function in detail and out line how they used it to fit the 
shapes of Bragg peaks of powder diffractometer spectra. The Jorgensen function 
works well for experiments usi ng polyethylene moderators but is limited because 
it implies neutrons may emerge from the moderator before t he source pulse and it 
does not fit the pulse shapes of methane moderators ve ry "·ell [{. 
The function represented in Figure 2.2 (b ) is of the same form as the previous 
function but it is an improvement. It does not have neutrons emerging before the 
source pulse and it provides a bette r description of the pulse shapes of methane 
moderators. It not only accounts for the moderator pulse s hape but for instrument 
induced Gaussian-broadening as well. The function was developed by Carpenter. 
Taylor, and Robinson. as cited in )2] and is the convolut ion of a Gaussian with 
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F igure 2.2: Schematic represen tations of several moderato r pulse sha pe functions 
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two decaying exponentials . This function has five wavelength-dependent parame-
ters . including one of the decay constants (32 ) ; the other decay constant (J 1) is 
wa\·elengt h-i ndependent. 
The funct ion represented 1n Figure 2.2 (c) was developed by Ikeda a nd Car-
penter [17]. The I keda-Carpenter ( IC ) function is intended to be a better phy ical 
description of moderator neutron pulse shapes. It does not account for instrumen-
tal effects li ke the two previous functions. The IC function is the convolution of a 
slowing-down function with the sum of a delta function and decaying exponential. 
This is the function first tried in the analysis of pulse shape data in this t hesis. 
The function may be expressed in its time-distribution form with four wa\·elength-
dependent parameters as 
a { ? t a 2J 
i(i•. 1) = 2 (L R)(at)· e-a + 2R(a J)3 
" c- Jt - e-"1(1 - (a - 3 )1 - ~(a - 3) 212)}. (2.5) 
where i(i•.t) is the observed instantaneous beam current. a= d::,. u is the neutron 
\•elocity, E. is the moderator macroscopic cross section. R is the ratio of the area 
of the second term to the total a rea, t is t he time afte r the source pulse . and 3 is 
the decay constant of the fundamental mode neutron distribution. The first term 
in the IC function is the 1 E slowing-down component , representing neutrons that 
ha\·e emerged from the moderator in the process of slowing down before thermal-
ization. The second term is the "storage term," representing neutrons that have 
reached thermal equilibrium with the moderator nuclei before emerging. This func-
tion fits t he pulse hapes of polyethylene moderators Yery well and the waYelength 
2-l 
dependence of the parameters is 
L:$ = (S~ + sp.2 ) 112 • 51 .5'2 constant. 
3 = constant, 
R E0 = constant. (2.6) 
It will be shown in a later sect ion the IC funct ion does not work as well fo r t he 
pulse s hapes of liquid methane moderato rs. 
Kropff, Granada, and :VIayer r16] mention some other empiri cal functions used 
to fit moderator pulse shapes and they will be just briefly mentioned here. T hese 
functi ons however , cont ain li ttle of the physics of neutron moderation. Windsor 
and Sinclair ·is· used a function with two Gaussians joined at the top. Day and 
Sinclair _19: convolute an isosceles t riangle resolution term with t he product of a de-
caying exponential and step functi on. Cole and vVindsor :20: constructed a function 
of t hree sections that smoothly joins two Gaussians and a decaying exponential. 
T his section has illustrated some of the reasons why pulse shape fitting func-
tions are necessary. to describe some of the physical principles of neutron slowing-
down theory fitting functions are created to imi tate, and to present a brief history 
of their deYelopment. Work in this fie ld is continuing. The next section presents a 
generalized version of the IC function recently developed. 
2 .3 The G e ne r a lized Iked a - Carpe n ter Functio n 
As was mentioned in t he last section , the Ikeda-Carpenter function was the 
first function used in attempting to fit the liquid methane moderator pulse shape 
data collected for this thesis. It will be shown in Chapter -l substantial systematic 
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deviat ions were seen when this func tion was fitt ed to the liquid methane data . .-\ 
modification of the IC function was de veloped so a better representation of the 
liquid methane moderator pulse shapes might be obtained. 
Carpen ter :21: has suggested a generalization of t he exponent in the slowing-
down term ((at )2e- 01 ) from 2, which arises in the theory of neut rons slowing dow n 
in an infinite medium of free protons. In the real situation there a re molecular 
effects v .. ·hich compli cate the slowing-down process. Sachs and Teller [22] developed 
the concept of an "effect ive mass"' which wo uld approximate the masses of nuclei 
in a liquid , where molecular effect s can be important , with gas atoms of mass 
greate r t han their physical mass. Accounting fo r t he Sachs-Teller effecti,·e mass in 
approximating neu tron moderation lends t heoretical su pport for the generalization 
of the IC function. 
Replacing t he term 2 in the slowing-down term with a parameter, v . required 
additional mathematical work in the convolu tion of the funct ions ( at )v e-at and e - Jt . 
.-\ brief summary of Carpenter·s derivation follows. 
T he convolu tion is performed usi ng Laplace transform techniques and facili -
tated by represent ing the needed function as 
f(t) = 1o= !1(l')fi(t-t')dt1 • (2.7) 
with 
t ..:: 0 (2.8) 
and 
t ...:: 0 (2.9) 
26 
where .Y1 and .V2 are normali zing factors . The Laplace transform is 
(2.10 ) 
where 
(2.11 ) 
and 
(2.12) 
The im·erse Laplace transform o f t he product F(. ') is 
(2.13) 
with 
.Y1 J (2.14 ) 
and 
a 
(2.15) .V2 
r( v - 1)" 
The res ultant generalized IC func tion has the fo rm 
i(r .t ) = (1 - R )v(a. v. t) - RF(a . J . v.t ). (2.16 ) 
which is the weighted sum of the slowing-d own ter m 
( ) a ( )" - a t i,.·a. v.t = r( v -r- L) o/ c . (2.] 7) 
and the s to rage term 
30v~ 1 
F(a,3. v.t )= ( )(a - 3 ) • v-l) f Jt1( v - l. (a - J )t ). r v - 1 (2.1 ) 
r - I 
This funct io n has five waYelength-dependent parameters and requires the e\·aluation 
of gamma function and incomplete-gamma functio n components in its computation. 
The results of fitting this func tion to the pulse shape data collected from two 
liqu id methane moderators at the IP NS wi ll be presented in Chapter 4 . 
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3 P U LSE SHAPE MEASU REMENTS 
In this chapter, the work completed in the collection of moderator neutron pulse 
shapes is presented. A time-focused crystal spectrometer arrangement was used 
with a cooled Ge monochromator crystal to select neutrons of discrete wa\'elengths 
fo r analysis. At the time these data were collected, IP ~S was producing neutrons 
with the depleted uranium target. Two heterogeneously poisoned liquid-methane 
moderators and one groO\·ed solid-methane moderator were in use . Each of these 
topics will be addressed in the following sections. :\I uch of the discussion was taken 
from a progress report 23:. 
3 .1 Ex p erimenta l D etails 
The measurement of moderator neutron pulse shapes requires a crystal spec-
trometer arrangement to select neutrons of discrete wavelengths. This allows ex-
amination of the intensity of neutrons, of a particular vvavelength, leaking from the 
moderator as a function of time following the source pulse. The time resolu tio n of 
the pulse shape may then be decoupled from the wavelength resolution. In addition, 
it is desirable to decouple spatial and angular resolution of the pulse shape when 
performing a measurement through a technique called time focusing. 
The experimental procedure fol lows closely that outlined by Ikeda and Carpen-
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ter ''"hen they made similar measurements o f polyethylene moderators at l P :\ 1 I , 
2-± . . Figure 3.1 '. l 1: shows the experimental arrangement. 
\"eutrons behave as waves as well as particles so they are diffracted by the inter-
atomic planes of a crystal accord ing to the Bragg scattering relation. A monochro-
mator crystal and detector are arranged with a Bragg angle. BB· The wavelengths 
reflec ted by the crystal and "isible to the detector are 
2d 
sinOa, n 
11 
1 •) ... ' - , 
where n is the ord er of reflection and d is the interatomic plane spacing. 
( 3 .1 ) 
Time focusing decouples time resolution of a neutron pulse from spatial and 
angular resolution. This is accomplished by assuring neutrons of each particular 
order reflect ion have flight path lengths and B ragg angles ( therefore wavelengths 
and speeds) such that they reach the detector in exactly the same amount of time. 
regardless of po ition of o rigin on the moderator. position and angle of the scatterer 
from the crystal, and positions of interactions in the detector. :\ time-focused 
experimental arrangement pro,·ides pulse shape data \\'ith much better resolution 
than could be obtained in an unfocused experiment. The geometric conditions for 
time focusing must satisfy the following relations (with distances and angles in 
reference to Figure 3.1 ): 
p 
tan (JM 
tan fJ o 
cot Oc 
L 1 L ,. 
1 
- ( I -r- P) cot () B. 
2 
l 
2(1 - l P) cot Ba . 
cos 00 tan B.H - si n (20 8 Bo) 
2sin BB sin(Ba - Bo) 
(3.2) 
30 
Detector (6 Li Glass) 
Ge [004] 
Ge [220) 
Moderator Ge Crystal ( 1 O K) 
Figure 3.1: Time-focused experimental a rrangement for pulse shape measurements 
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The monochromator \ms a J-mm thick. 25-mm diameter Ge crystal cut parallel 
to (1. 1, 0) planes. The reflecting planes used were the ( 1. 1. 1) planes. Thus. the 
reflecting planes were not parallel to the phy ical plane of the cut face. In uch a 
situation, t he relat ion between the crystal orientation and t he Bragg angle is 
ea - cos '( sS ·RR )· (3.3) 
where S and R are the plane normal designations for the physical and reflecting 
planes. respectively. In each moderator pulse shape measurement, t he Bragg angle 
was 88 =60° . Each of the beam ports used views its moderator at the angle 8.u = l 
0
• 
The detector was a 2-mm thick. 7.5-mm diameter 6 Li glass scintillator and was placed 
to intercept neutrons scattered at 211 8 = 120° . for the highe t neutron intensit_\· it is 
desi rable to ha\·e as short a flight path as possible. This is not always a realizable 
situation. gi \'en the presence of other instruments and equipment in the beamline. 
The monochromator was always placed downstream of the permanent beamJine 
instrumen ts so flight paths were longer than desired. For each measurement the 
flight path lengths L1 and L , were chosen such that their ratio. P . was equal to 
0.1. For example, for t he F -moderator the crystal was posit ioned at a distance of 
L , = 13...1"1 m from the face of the moderator and the detector was positioned at a 
distance L 1 = 1.3--1 m from the crystal. This flight path ratio corresponds to a crystal 
angle, 8c=95° . and a detector angle. 80=73°. The parameters of t he time-focu ed 
crystal spect rometer for these measurements a re summarized in Table 3.1. 
The d iamond cubic crystal st ructure of germanium is such t hat certain re-
flections o f Ge(n.n.n) for neutrons are not allo\\·ed. The allowed reflections o f 
Ge(n. n . n) and their corresponding neutron wa\·elength, energy. and Yelocity are 
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Table 3.1 : Pa rameters of the time-focused crystal spect rometer 
S= ), 1, OJ 
R = ) , 1, l ] 
cos - 1 ( 5~\ ) = 35.26° 
Bu = l8° , 08 =60° 
0v =73°, 0c=95.3° 
L1 = 13.-l4 m. Li= l.34 m ( "F" moderator, eVS beam ) 
L,= .6-± m, L 1= 0. 64 m ("H" moderator , GLAD beam) 
L ,=7.93 m, L 1=0.793 m ("'C" m oderator, SAD II beam) 
presen ted in Table 3 .2. The Ge crystal was mounted in an evacuated test chamber 
and cooled to about 30 K to increase high-order reflect i\·ity and increase intensity. 
The refrigeration and vacuum equipment used. however, did not operate consis-
tently and there was \\·arming over t he course of each of th e data collec tion runs of 
at least 10 K . 
Data acquisi t ion invoh ·ed using a PDP-11 instrument com puter system oper-
ating in time-of-flight sorting mode. Neutron detection events are so rted into t ime 
bins corresponding to the neut ron time of flight following the source pulse. In this 
way, a histogram of neutron events as a function o f time is created. These his-
tograms or time-of-fligh t spectra contai n the crystal reflection p eaks (pulse shapes) 
used in the pulse shape analysis. 
3.2 The Liquid M e than e F- a nd H - M od er ators 
The liquid methane moderators in use at IPXS are contai ned in aluminum 
cans having nominal dimensions of 10 x 10 x 5 cm3 and are located within the 
graphite-beryllium reflector assembly in close proximity to the neu tron producing 
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Table 3.2 : .\ llowed reflections o f Ge( n. n . n) 
n ,\ ( A) En {meV) 
1 5.6 59 2.53 695. 
3 1. 953 22. 20 7 
-l 1.-1215 -l0.5 27 3 
5 1.1372 63.3 3-179 
7 0. 123 12-l -l 71 
0.7107 162 5567 
9 0.631 205 6262 
11 0.5169 306 765-l 
12 0.-173 36-l 350 
13 0.-1374 42 90-16 
15 0.379 l 569 10437 
16 0.3554 648 11133 
17 0.33-15 731 11 29 
19 0.2993 913 13220 
20 0.2 -13 1012 13916 
21 0.270 1116 1-1612 
target. Each moderator is surrounded by a layer of a boron-aluminum composite. 
The absorber ·'decouples·· the moderator from the reflector by absorbing thermal 
neutrons attempting to enter the moderator. ince the relaxation time of thermal 
neutrons in g raphi te is about 200 µs, these neut rons wo uld lengthen the pulse if they 
entered the beam. The decoupler helps to provide shorter pulses . The moderators 
are part of a ci rculating liquid-methane cooling system which cools the methane to 
a temperature of about 100 K. 
3..J: 
Pulse width resolution requirements \'ary among instruments. The F moder-
ator is heterogeneously poisoned with a 0.5 mm-thick gadolinium foil 1. 7 cm below 
both of the \'iewed surfaces. Gadolinium is a neutron absorber and serves to reduce 
the neutron pulse width fo r long wavelengths, a desirable condition for those in-
struments which requi re good pulse width resolut ion. The H moderator is poisoned 
with a single layer of gadolinium located at 2.5 cm below its one \·iewed surface. 
Pulse v\·idths are shortened in the same manner as abo\'e. Gadolinium has a large 
absorption cross section fo r the long-li\·ed thermal component in the moderator. 
Inst r uments on the H-moder ator beams have resolution req uirements wh ich are not 
as seYere as fo r those which use the F moderator. 
Pulse shape measurements were made. using the time-focused. cooled-crystal 
spectrometer a rrangement described in the previous section, during the summer 
of 19 7 for the F moderator and during the spring of L9 for the H moderator. 
.\ Cuch experience has been gained in the experimental technique of pulse shape 
measurement O\'er the course of this work as e\·idenced by comparing the quality of 
data obtained from each moderator. 
From t he neutron time-of-fl ight spectra obtained for the F moderator, "good" 
data (''good '" meaning that statistical fluctuations do not dis tort or mask t he pulse 
shape) were available through the ninth order reflection (205 me\") and reflections 
were observed through the 16th order ( 6..J: meV). There are seYeral factors con-
tribu ting to the low count rates in thi s measurement, including the dimin ishing 
beam in tensity for t his long path length (H. 7 m from moderator to detector), and 
problems with cooling. Yacuum. and beam alignment. 
Figures 3.2 . and 3.3 respectively illustrate raw data from the F moderator. 
35 
Ge( 3, 3. 3), and Ge( 4, 4 . 4) reflections. The Ge( --L 4. 4) refl ection has the best 
counting statistics of the F moderator measurement with nearly 1,500 counts in 
the peak channel. T hese high resolu t ion measurements immediately reveal the 
very sharp rise in the leading edge, which is charac teri st ic of neut ro n moderation in 
methane. In the case of Figure 3.2 the 10--90 % rise t ime is about eight microseconds, 
a relat ive wa ve length resolution of about 0.1 3 at this flight path length. 
From t he neutron time-of-flight spectra obtained for the H moderator , good 
data were a vailable through the 16t h order reflection (648 me\.) and reflections 
\\·ere observed through the 21 st order reflection (1.12 e \ ·). There are nearly twice 
as many counts in the peak channel o f the H moderato r Ge(16, 16 , 16) reflection 
as there are in the most prominent reflect ion from the F moderator data. The 
quali ty of these data is much improved over those of the F moderator because 
intensity increased for the shorter flight path length (9.50 m from moderator to 
detector), the improved experimental apparatus performance, and the benefit of 
gained experience in making pulse shape measurements. 
Figures 3.4, and 3.5 respect ively illustrate raw data from the H moderator , 
Ge( 1 , 1, 1), and Ge( 4, 4, -1 ) reflections. The fourth-order reflection has the best 
counting statistics of the H moderator measurement v•ith nearly 150,000 counts in 
the peak channel (an increase over the F moderator measurement by a factor of 
abo ut 100) . 
Small p eaks are present in t he raw data corresponding to Ge(2, 2, 2) and 
Ge(6, 6. 6 ) reflections in both the F and H measurements. Addi tionally. there is a 
small peak corresponding to the Ge( lO , 10, 10) reflecti o n in the H moderator data. 
As noted by Ikeda and Carpenter [17], these reflections are prohibi ted in the dia--
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mond crystal structure of germanium, but are presumably caused by imperfections 
of the crystal due to impurities or strains. 
One indication of the performance of a pulsed moderator is t he full wid th at 
one-half maximum (FWH :VI ) of the neutron pulse. Figure 3.6 shm,·s the FvVff\1 of 
neutron pulses obtained from the raw data. \'isible in this figure is the effectiveness 
of the Gd poisoning as a function of neutron energy. The additional poisoning 
present in the F moderator serves to decrease the widths of neutron pulses for long 
wavelengths . 
Another method of illustrating the time and energy dependence of neutron 
pulse shapes is shown in Figures 3. 7 and 3. . These figures respectiYely show 
several measured pulse shapes for the F and H moderators, normalized to unity at 
the peak. The t ime scale has been replaced by a length scale by multiplying t he 
emission time t - t 0 following the source pulse at time t0 , by the neutron speed 
t•. This length scale is called the "reduced time" and such a representat ion of the 
pulse shapes gives directly the resolution attained for a given flight path length [4,. 
Each curve in Figures 3. 7 and 3.8 represents a sli ce of the third dimension of a 
moderator neutron pulse shape : energy. Two main features characteristic of pulsed 
moderators are apparent in these figures. For epithermal neutron energies . the 
neutron pulse shape expressed as a functi on of ( l'f) is nearly invariant with energy 
as expected because the neutron flux per unit energy of a slmving-down spectrum 
has a 1 E dependence. For lower energies, the neutron pulse shape maintains a 
fast rise time but has a decaying exponential tail ch aracteristic o f a Maxwellian 
flux distribution. These figures also show clearly the resolu tion may be improved 
if either the :\Iaxwellian "bulge" in the pulse shape can be moved to lower energies 
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{by cooling the moderator ) or if the exponential decay t ime of the ~laxwellian tail 
can be reduced ( by adding heterogeneous poisons ). 
).[easurements such as those described here for the liquid methane F and 
H moderators at IP~S provide the data necessary fo r the analys is of moderator 
neutron emission-time distributions using fitting fu nct ions. Results of this analys is 
fo r the F and H moderators \Yill be pre ented in the next chapter . 
3 .3 T h e Gro ove d Solid M e t h a n e C -Mode r ato r 
Adding heterogeneous poi ons to a moderator improYes resolution but reduces 
neutron intensity. Cooling a moderator will push the \Iaxwellian component of a 
moderator pulse to lower energy but will result in a loss o f neutron intensi ty in the 
region of the moderato r where a warmer Maxwell ian \\"Ould be. Thus . resolution 
and intensity requirements a re often in con Aict in pulsed neutron research. 
There are applications for pulsed neutron sources that do not have a se\·ere 
requi rement fo r high resolution but do need greater inten ity. For this reason, the 
IP\' has used a groo\•ed solid methane moderator (the ··c·· moderator ) which 
prO\·ides a greater intensity of long wavelength neutrons. albeit poorer resolution, 
than the liquid methane moderators. 1 ~ [easurements of the pulse shapes of the 
C moderator were made during the fal l of 19 7 by the same method described 
previously. Examples of the pulse shapes of the C moderator are p resented in this 
section. 
The lPN"S grooved solid-methane C moderator is shown in F igure 3.9 25. Like 
1 ince the time that measurements for thi 
grooved solid-methane C moderator has been 
moderator. 
thesis were performed, the IP_ 
replaced with a liquid hydrogen 
-15 
its liquid-methane counterparts, it has nominal overall dimensions of 10 x 10 x 5 cm3 
and is decoupled from the reflector by a layer of a boron-aluminum composite. The 
alum.inum moderator can contains an alum.inum foam which conducts neutron- and 
gamma-ray-deposited heat outward from the moderator interior. The moderator is 
filled with methane and cooled with liquid helium to a temperature of 15 K. The 
result is a grooved volume of solid methane. 
From the neutron time-of-flight spectra for the C moderator. good data were 
available through the 12th order reflection (364 me V) and reflections were observed 
through the 16th order reflection (6-18 meV). Figure 3.10 illustrates ra\\" data from 
the C moderator Ge(4, -1 , 4) reflection. The most obvious difference in the pulse 
structure between grooved and A.at moderators is the "'shoulder"' present on the 
leading edge of grooved moderator pulses. This feature arises because neutrons 
emerge from the tips o f the fins as well as the bottoms of the groo\•es and there is a 
time delay required for the neutrons to travel the length of the fins. It is apparent 
that neutron intensity is greatest from the bottoms of the groO\'es. 
Analysis of the neutron pulse shapes of grooved moderators is more compli-
cated than that of flat moderators because the resultant pulse is the sum of t>rn 
separated sources (the fins and the grooves). Because of the more complicated 
nature of grooved moderator analysis and the fact that instruments which utilize 
grooved moderators do not have severe resolution requirements , data analysis of 
the C moderator was given lowest priority. There is no mention of the C-moderator 
data in the chapter describing the data fitting process. 
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4 DATA ANALYSIS AND DISCUSSION 
The analysis of data from pulse shape measurements requires the use of com-
puter routines to fit pulse shape fitting functions to the data. The fitting functions 
discussed previously are all nonlinear. Computer routines utilizing nonlinear least 
squares algorithms are necessary to evaluate the functional parameters providing 
best fits to the data. 
This chapter begins with a brief di scussion of the curve fitting techn iques used 
in the data analysis. This is followed by sections presenting results of data analysis 
using the Ikeda-Ca rpenter function, showing the systematic deviations suggest ing 
the need for its generalization . and results of analysis using the generalized IC func-
tion . The latte r section additionally illustrates the observed \Vavelength dependence 
of the generalized IC function parameters. 
4. 1 C urve Fit t ing 
The analysis of pulse shape data begins with deciding upon a fitting function 
which hopefully approximates the functi onal relationship between the variables y 
and t (that is , between the quantities of neutron counts per time channel and ti me). 
Once an appropriate fitting function is chosen. a method is needed to determine the 
values of the functional parameters which provide the best rep resentation of the 
'"19 
data. The method used is the least squ ares method applied to nonlinear functions. 
To describe the application of the nonlinear least squares method it is necessary to 
introduce some notation and theory of nuclear counting statisti cs. 
Let g(t i,a) be the value of the function evaluated at time t ; following the source 
pulse of fast neut rons. given the vector a of functional parameters . Let y, be the net 
number of counts recorded over a time interval ~t which begins at t ime t i following 
the source pulse. The net number of counts over a time interval is determined 
by taking the total number of counts detected over the interrnl and subtracting an 
estimate of the background over t he interval. Background is estimated by computing 
an average value of the obse rYed data in a region before and after each pulse shape 
to be analyzed. The equation of a straight li ne between these points senes to define 
the amount of background to be subtracted from the observed data in each time 
interval. 
The ith residual, or the deviation between the net number of counts a t time t , 
and the value of the function evaluated at time t , is expressed as 
f , (a) = Yi - g ( t., a). ( ..f. l) 
T he method of least squares optimizes the estimates of t he paramete rs in a by 
minimizing the sum of the squares of the res iduals over all t , for a pulse shape. The 
problem, then, is t o seek a solution vector , a ', which produces the minimum sum of 
squares of residuals. This may be expressed as 
( '"1.2) 
The method of least squares defined above inherently assumes each data point, 
y;, has equal variance. If the variances are not equal, it becomes necessary to 
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introduce a weighting factor into the calculation of the residual sum of squares. 
The number of counts recorded by a detector in a unit t ime interval has a statistical 
uncertainty proport ional to its magnitude. If the same measurement in a counting 
experiment vvas made rep eatedly, the observed values would be d istributed abo ut 
their mean in a Poisson di stribution :26]. In Poisson statistics the variance of an 
observat ion is 
2 er, = y,. ( 4.3) 
It is then possib le to define a weighted-res idual sum of squares as 
(-l.-1) 
which accounts for t he statistical uncer tainties in t he counting measurement. 
Computer code packages a re available containing a lgorithms fo r p erforming 
leas t squares curve fi t ting with nonlinear functi ons. T he .\fl:>iPACK -1 package, 
developed by More, Gar bow, and Hillstrom :21: was used extensively in the data 
analysis . MINPACK-1 subprograms solYe nonlinear least squares problems by using 
a modification of t he Levenberg-:Vlarquardt algori t hm. This algorithm adjusts com-
ponents of the parameter vector, a, by adding internally derived correct ion factors 
to each parameter, and recalculating the residual sum of squares. The process is 
continued until one of several convergence tests are satisfi ed , indicating the solu t ion 
\·ector, a ', has been fo und. \Vhen used in conjunction with a user supplied driver 
program and subroutines for evaluating the fitting function, I\IINPACK-1 supplies 
as o u tpu t the evaluated fun ctional values a t each time step , the weighted residual 
sum of squares, the parameter vecto r , and the covariance matrix. 
Once a solution vector has been evaluated, statistical indices such as parameter 
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confidence intervals and the coefficien t o f dete rmi nat ion ma~' be calculated 2 . :\ 
confidence in terval is an interval estimate whi ch assert s with a specified confidence 
t ha t a parameter li es in the inte rval. Fo r example, t he 95% con fi dence interval fo r 
a parameter ak . an element o f the pa rame ter solution vector , is gi ven by 
CTk "' 1.96. ( -L5) 
where rrk is the stand ard deviation of a ~. . T he coeffi cient of de termi na tion . R2. 
pro,·ides some measure o f t he good ness o f fi t. I t is a n index of how well t he cho-
sen fi tti ng functio n ( the sta t is tical model) accounts fo r t he total va ri abili ty of t he 
measurement. It may be exp re sed as 
t•ariat ion t .rplained by model 
tot al i·ariation 
tot al um of squarr.~ - r e idual um of quare, 
t otal sum of squares 
(-L6) 
Examples o f t he use o f t hese will be shown in ection 4.3 in the analysis of pul e 
shape data using the generali zed IC fun ct ion. 
4.2 Th Ikeda-Carpenter Function 
T he Ikeda- Carpen ter fu nc t ion (Equation 2.5 ) was chosen as the fi rst cand id ate 
fo r the data analys is o f thi s t hesis because of its previously demons trated success 
at characte rizing t he pulse sh apes of polyethylene moderators 17 . P ulse shapes 
o f t he liqui d- methane moderator measu re ments \\·e re fitt ed using the IC fun ct ion 
mainta ining all pa ramete rs of t he func tion . a. 3. R. a cale facto r. and a t ime delay i 0 
as free parameters for each wavelengt h. The time delay re presents the neutron fl ight 
t ime from moderator to detector plus a fixed shift of the time origin which results 
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from time offsets in the triggering of electronic timing equipment. The beginning 
of the pulse hape is defined by 10 . 
The results of the cune fitting revealed substantial. systematic de,' iat ions of 
the best fitted function s from the data. These deviations were manifested as under-
estimat ion of the height and integral of each peak. Figures -l.l and 4.2 respectively 
show examples o f the results o f fitting t he Ge(3, 3, 3) and Ge(-!,-!,-!) reflections of 
the F moderator. illustrating the aforementioned de,'iations. Figure -l.l indicate 
well howe,·er, that the slowing-down term is important in determining the rising 
part of the peak and that the exponentially-decaying storage term is dominant in 
the tail at this wavelength . .-\t shorter wavelengths the storage term becomes les 
important. .\ greater fraction of the pulse is composed of neutrons emerging from 
the moderato r in the process of slowing down, before becoming t hermalized. 
The results of data analysis using the lC function as illust rated by these two 
examples indicated a modification of the function was needed. The generalized IC 
function was de ri,·ed to fulfill this need. Result of its use in the analysis of the 
liquid-methane moderator measurements are presented in the next section. 
4.3 The Generalized Ike da -Carpent er Function 
The generalization of the IC function resulted in Equation 2.16. Pulse shapes 
of the liqu id-methane moderator measurements were again fitted . but using the 
generalized IC fun ction maintai ning all parameters, a, J. R, a scale factor , t 0 , and 
the exponent parameter v as free parameters fo r each wavelength. The results 
showed improvement ove r previous fitt ing in that deviations of the best fitted func-
tions from the data were reduced or eliminated entirely. The resultant parameters. 
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however. displayed some unexpected variation as a function of \Yavelength. The 
wavelength-dependence of the parameters was expected to be somewhat similar to 
that observed for polyethylene as denoted in Equation 2.6. The exponent parameter 
v was expected to approach a lower limit of 2 for shorter wavelengths and should 
in some fashion become greater than 2 for longer \YaYelengths to account for the 
Sachs-Teller effective mass. Instead, the parameter had large fluctuations as a func-
tion of wavelength. Of particular concern was that the parameter 3. expected to be 
constant , was showing a considerable increase in value with decreasing wavelength. 
In least squares analysis. the ::parameter space" is searched until a minimum 
in the residual sum of squares is reached. In parameter space t here may exist 
several sets of parameters corresponding to relative minima in the least squares 
analysis. If the computer algorithm finds one of these relative minima it will stop 
its search without locating the true solution vector. The choice of starting values 
in the analysis is therefore very important. 
Several attempts \\'ere made at modifying the computer fitting programs to 
impose a functional form of th e wavelength dependence of each parameter and fit, 
using these constraints, several of the pulse shapes of a measurement ·'simultane-
ously." T hese modifications allowed evaluation of the parameters of the generalized 
IC function for several peaks using parameter functional forms that should repre-
sent the expected physical behavior of the parameters. The final parameters in the 
wavelength-dependent equations were evaluated by computing and minimizing the 
sum of the residual sum of squares of all the peaks in the analysis. 
The wavelength-dependence equations for the generali zed IC function param-
eters were assumed equivalent to those in Equation 2.6 with the addition of the 
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following expressions for t0 and I / 
. v >. - n. .\I. B con. /ant . 
v ? ' -? ( E) ~ · , c exp E' . c, E' constant. ( -1.7 ) 
This representation of the generalized lC functi on now called for fitting seven 
wavelength-independent parameters to determine the four wavelength-dependent 
parameters for each peak and an eighth parameter for the assumed wavelength-
independent parameter 3. Also included in the fitting was a scale factor for each 
peak. This method of analysis was not very successful but did demonstrate that 
wavelength-independence of the paramete r J should not automatically be assumed . 
..\ decision was made that the remainder of the data analysis for this thesis 
should be primar ily directed toward showing that good fits of methane moderator 
pulse shapes could be obtained ;vi th the generalized IC function; not necessarily 
toward de\·eloping any new insight into the wavelength-dependence of parameters. 
A more modest method of data analysis was undertaken which simplified the curve 
fitting process. 
It is desirable 1n a nonlinear least squares problem to have as few unknown 
parameters as possible. In the generalized IC functi on. t he parameters whose wave-
length dependence is known with the greatest confidence are E (and hence a because 
a = rE) and lo. However, in the same sense as I / may deviate from 2 on account of 
the wavelength variation of the effective scatterer mass, a may deviate from PE by 
a wavelength dependent factor. This coupling between I / and a has been ignored 
in the data analysis. Determining values o f these parameters for each peak in a 
measurement before performing the least squares analysis cuts t he number of fitted 
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parameters to three: 3. v . R, and a scale factor, and results in a major simplification. 
The elimination of t0 from the vector of fitted parameters was accompl ished 
for each moderator measurement by examining output of the time-of-flight spectra 
for four peaks and estimating the start time of each peak. (The ve ry fast rise time 
of methane moderator pulse shapes facilitated this.) A simple linear regression to 
evaluate the parameters in the expression t0 = 1 ! >. - B \\'aS performed on each set 
of points. Fo r the F moderator, the regression \\·as performed on the n = 3, -L 5, 
and 7 peaks becuse they had the most easily discernible start times. The results of 
the regression were JI = 3690.36 µs.1.. - 1 and B = - 7.38 µs. For the H moderator, 
the regression was also performed on the n= 3, -l, 5, and 7 peaks . resulting in 
JI = 2-1:03.8-! µsA -i and B = - 5A6 µs. \.Yi th these parameters, values of t 0 were 
calculated for each of the peaks in both moderator measurements. 
The elimination of L: \Vas somewhat more complicated. Three peaks from each 
moderator measurement were fit simultaneously. The only vvavelength-dependent 
equation of constraint, however, \Vas E = ( S~ - 5~>.2 ) 1 2 . The other parameters 
were treated as free parameters of ,\·avelength. The result of this calculation was 
the evaluation of the constants 51 and 2 , from which values of E and a for each 
of the peaks in both moderator measurements were calculated. T he three peaks 
in each moderator measurement to be fit in this manner were chosen with more 
emphasis placed on data quality than choosing a wide range o f wavelengths . For 
the F moderator, the fitting was performed on the n= 3, -!, and 5 peaks, resulting 
in 51 = 1.159 cm- 1 and 5 2 = 0.373 cm- 1 A. - 1 . For the H moderator. the fitting 
was performed on the n= 1, -!, and 5 peaks, resulting in 51 = 1.759 cm- 1 and 
52 = 0.0059 cm- 1 A- 1 • It is possible that different sets of peaks may have produced 
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Table -1.1: Fitted parameters for the F moderator 
J (µs -1 ) I/ R (07Q ) Coe f. of Dd. 
1 20976 0.169 0.0456± 0.023 2.00± 0.01 72.3= 3.4 0.951 2 
3 6987.0 0.284 0.0427 2.00 7-1.6 0 .98863 
4 5238.5 0.355 0.0489 2.02 52.8 0.98814 
5 -1189.3 0.-130 0.0710 2.0 33.2 0.98137 
7 2990.3 0.584 0.0832 2.10 31.8 0.96563 
8 2615.-l 0.662 0.0806 2.55 2 .0 0.967 1 
9 2324.2 0.7-U 0.107:r0.0l 7 2.38 :c0.17 30.3= 5.l 0.9-1562 
different values for 51 and 52 but this was not investigated . 
The pulse shapes of both moderator measurements were then fitted with the 
appropriate values of t0 and a entered as constants while maintaining the parameters 
J. v. R. and a scale factor as free parameters of wavelength. Figures -1.3 and -1.-l 
respectively show results of fitting the F moderator Ge(3, 3, 3) and Ge(-1 , 4, 4) peaks. 
There is still some deviation of the best fitted function from the data but there is 
substantial improvement over best fitted functions of the original IC function. 
Figures 4.5. -1 .6, and -1 . 7 respectively show results of fitting t he H moderator 
Ge(l, 1, 1), Ge(4, 4: 4): and Ge(12, 12, 12) peaks. The quality of fits to the measured 
H moderator pulse shapes is excellent. Tables ·Ll and 4.2 respectively give the fitted 
parameters of the pulse shapes analyzed in the F and H moderator measurements. 
For illustration purposes. 953 confidence intervals are given for the parameters of 
the Ge(l. 1, 1) and Ge(9, 9, 9 ) peaks. 
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Table -!.2: Fitted parameters for the H moderator 
I/ R ( '1) (' Of f. 0 f D ct. 
1 13663 0.122 0.0263 = 0.0001 2. ± 0.01 67.7 = 0.3 0.99761 
3 1550.5 0.367 0.0233 2.6 92.6 0.9 05 
4 3411.6 0.-l 9 0.02 2 2. 7 1.9 0.99632 
5 272 .2 0.612 0.0509 3.53 53.4 0.9 676 
I 19-l 7 .2 o. 57 0.0 6 3.-11 o.!9 .-l 0.99426 
l 703.0 0.9 0 0.0 7 3.62 o.15.9 0.9937 
9 1513.3 1.10 O. l 10= 0.0006 3.42 :::: 0.01 -15.9= 0.3 0.9 9 7 
11 1237.l 1.35 0.10 3.6 -15.5 0.98 10 
12 1133.5 1.4 7 0.13 3.71 45.5 0.9 052 
13 10-16.0 1.59 0.200 3.3-l 47. 0.98393 
15 3 1. 4 0.129 3.27 51. 0.97 17 
16 1.96 0.190 3.0 5-l.5 0.9 2-l 7 
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The success of the generalized IC function in producing good fits to methane 
moderator pulse shape data unfortunately has not gone far in confirming any postu-
lated wavelength dependence of parameters. Figures ·!.8 , 4.9, and ·l.10 respectively 
show the fitted parameters J, R, and v plotted as a function of wavelength. If 
the parameter J is expected to represent the fundamental decay constant of the 
moderator, it should be wavelength independent. At short wavelengths, the fitted 
parameter .3 is considerably larger t han the value fitted at long wavelengths. Ikeda 
and Carpenter 17] observed the same phenomenon in polyethylene but not nearly 
to the same degree as in these measurements. They attributed the rise in J at 
short wavelengths to the diminished effect of t he moderator decoupling material in 
this \vavelength region. This introduces a tail on the pulse shape that decays faster 
than th e storage term, but slower than the slowing-down term. This tail is prin-
cipally taken up by the storage term in the least squares fitting process, therefore 
the decay constant of the storage term increases for short wa\'elengths above the 
expected constant value. Anot her explanation for an increased value of J at short 
wavelengths is the possibility of the existence of higher order exponentially-decaying 
transient terms. 
The amplitude ratio parameter R is expected to have a value of nearly zero 
at short ·wavelengths, increasing to one at long wavelengths. This indicates the 
diminishing dominance of the slowing-down spectrum in representing the neutron 
pulse at longer wavelengths . Figure 4.9 shmvs thi s trend with the exception that 
the values of R at short wavelengths are larger than expected. an effect which is 
also attributed to the fitting of the pulse for short wavelengths. 
T h e creation of the parameter v was the goal of the generalization of the 
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original re func tion. One post ulated formulation o f I/ as a function o f wavelength 
was presented as Equation .f.7. Figure 4.10 presents contrary e\·idence in that I/ 
appears to be larger at short wavelengths. and to approach 2 a t long waYelengths. 
~ 
....---
I 
u 
(]) 
()) 0.1 
~ 
'-----" 
0 
-+--' 
Q) 
m 
0.01 
1 
0.0 
67 
66666. H- Moderator 
GOOOO F-Moderotor 
1 .0 2.0 3.0 4.0 5.0 
Wavelength (A) 
Figure 4.8: vVavelength dependence of J 
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Figure 4.9: ~Navelength dependence of R 
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5 CONCLUSIONS AND SU GGESTIONS FOR FUTURE WORK 
The purpose of this work was to measure the neutron emission-time distribu-
tions of the moderators at the Argonne :\ational Laboratory Intense Pulsed :\eutron 
Source. Fast neutrons entering the m oderators following the source pulse are slo\\'ed 
down and emitted in broadened pulses . .\ Iathemat ical functions are used to describe 
the shape of the pulses as a function of time and energy. 
l\ [easuremenls of the two liquid-methane and one sol id-methane moderators 
we re made by using a time-focused cooled-Ge crystal spectrometer and detector 
arrangement. Time focusing improves resolution of the observed p ulses and cooling 
the monochromator crystal improves intens ity at high neutron energies. Good data 
were collected from the liquid-methane F moderator through 200 me\. and from 
the liquid-methane H moderator through 650 me\'. Data were also collected from 
the solid-metha ne C moderator but no analysis has been attempted. 
The Ikeda-Carpenter function was cho en to fit the mea ured data. This f unc-
tion was chosen because it has \vorked well in describing the shapes of neutron 
pulses from polyethylene moderators while providing a better physical description 
of pulse shapes than its p redecessors. [t contains two terms . The slowing-down 
ter m represents neu trons which emerge from the moderator in the process of slow-
ing down before thermalization . The storage term represents neutrons which are 
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stored in the moderator and emerge after thermalization with a decay constant .3. 
Analysis of the liqu id-methane moderator data using non-linear least squares fitting 
techniques revealed substantial systematic deviations between the data and the best 
fitted function. 
_..\ general ization of the IC function was made to improve the qual ity of fits by 
replacing the exponent of the [(' function slo,,·ing-down term with a wavelength-
dependent parameter. The generalized lC function performed better at producing 
fits of the liquid-methane data. The coefficient of determination (R2 ) fo r the fit of 
the first-order, 2.53 me \ · H moderator reflection was 0.9976. 
Knowledge of the wavelength-dependence of the parameters in a pulse hape fit-
ting function is necessary to provide precise information on the shapes of pul es over 
the entire range o f wavelengths the moderator is used. The wa\·elength-dependence 
o f the fitted parameters in the generalized IC fu n ction d id not behave as expected . 
The decay constant .3. expected to be inde pendent of wavelength . was observed to 
increase by an order of magnitude at short waYelengths in the F and Ii moderator 
a nalyses . 
The parameter R is the ratio of the a rea of the sto rage term component to the 
total area of a pulse shape. [ts expected behaYior is to approach a value of zero 
at short wavelengths and one at long wavelengths. The fitted parameter R in the 
F and H moderator analyses was observed to decrea e as expected with decreasing 
wave length but begin to increase at wavelengths less t han 0.63 .-\.. 
The parameter v is the gene ra lized exponent in the slowing-down term. [ts 
obsened behavior in the F and H moderator analyses was opposite of that expected . 
approaching a limit of 2 for long wavelengths instead of approaching 2 at short 
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wavelengths. 
The above results indicate that additional research remains to be performed in 
this field. The following suggestions are made for future wor k: 
(1) Additional measurements should be made of the liquid-methane modera-
tors. Some changes in t he pulse shapes may be expected due to the effects of the 
enriched uranium booster target. 
(2) Geometrical alignment is very important in time focusing. Precision go-
niometers should be utilized to facilitate the measurement of angles and path lengths 
in the experimental arrangement. 
(3) A variety of crystals should be used. A different crystal lattice spacing 
will pro\'ide an additional set of reflections. \\.ith more pulse shapes available in 
the wavelength continuum for analysis, wavelength dependence of fitting function 
parameters may be determined with greater confidence. 
(-!) Newly measured pulse shapes should be first analyzed ·with the original 
IC function. Wavelength dependence of parameters as well as quality of fits should 
be examined. 
( 5) If the original IC function agam proves unsatisfactory. analysis should be 
tried with the generalized IC function. If the wavelength dependence of t he param-
eters is still in question. further modification of the function may be necessary. 
(6) Only after the liquid-methane moderator data haYe been adequately de-
scribed by the fitting functi ons should analysis of the solid-methane moderator data 
be attempted. A. functional form for these data will require components accounting 
for neutrons emerging from the tips of the fins and the bottoms of the grooves. 
There remains a substantial amount of interest in the measurement of neutron 
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pulse shapes at I P\:"S. The installation o f the booster target certainly will affect the 
pulse shapes of each moderator and t he resolution of the time-of-flight instruments. 
Hopefully. the techniques developed in pulse shape measurement and analysis de-
sc ribed in this thesis will serve as a fou ndation for further work in this area. 
T·l 
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